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m (54) Title: XANTHINE OXIDASE INHIBITION 

— ^ (57) Abstract: Disclosed is a method for alleviating the oxidative impairment of vascular function by inhibiting the activity oxidases, 
or active forms thereof. Xanthine oxidases levels have been shown to be increased by a variety of conditions, including sickle cell 
disease. In the present disclosure, allopurinol is used to inhibit xanthine oxidase activity. As a result of the inhibition of xanthine 
oxidase, NO levels in a subject can be maintained. In addition to sickle cell disease, allopurinol inhibition of xanthine oxidase may 

£^ be used to treat other conditions, including, but not limited to, respiratory distress, kidney disease, liver disease, ischemia-reperfusion 
injury, organ transplant, sespis, burns, viral infections and hemorrhagic shock. 
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Xanthine Oxidase Inhibition 



FIELD OF THE DISCLOSURE 

5 This disclosure claims the benefit of U.S. Provisional Patent Application No. 

60/333,268, filed on November 16, 2001. The present disclosure is directed to a method of 
using compounds which inhibit the activity of xanthine oxidase in order to alleviate the 
inhibition of vascular function caused by oxidative events and/or inflammatory conditions. 

BACKGROUND OF THE DISCLOSURE 

10 The production of oxygen radical species, such as 0 2 ' and H 2 0 2? have been know to 

cause tissue injury in living organisms and contribute to a wide variety of disease processes. 
Multiple features of sickle cell disease (SCD) reveal that inflammatory-derived oxidative 
reactions lead to impaired nitric oxide ('NO)-dependent vascular function. Nitric oxide is a 
free radical mediator of neurotransmitter, cell-mediated immunity and tissue redox reactions. 

15 hi regulating endothelial-dependent vascular relaxation, -NO diffuses to target cells to 
stimulate cGMP production by guanylate cyclase and activate a chain of events in the 
vasculature including smooth muscle cell relaxation, inhibition of platelet aggregation and 
neutrophil margination and regulation of gene expression, hi SCD, the production of "NO 
appears to be chronically activated to maintain vasodilation, as indicated by low baseline 

20 blood pressure, decreased pressor responses to angiotensin n, renal hyperfiltration and a 
tendency for priapism. Plasma arginine levels drop precipitously during pain crises, indicating 
a possible demand for, or insufficient synthesis of, 'NO. The mechanisms underlying blood 
flow deprivation, the associated pain and consequent tissue injury in SCD remain poorly 
understood. If the tissue ischemia that is a hallmark of SCD resulted solely from 

25 polymerized, sickled red cells, occlusion of predominantly small blood vessels would occur. 
In contrast, stroke in SCD results from occlusion of large and medium-sized arteries (internal 
carotid and middle cerebral arteries). Importantly, levels of sickled erythrocytes or dense cells 
do not correlate with painful episodes and other manifestations of vascular occlusion, 
inferring that morbidity is due to vascular functional defects that occur in response to 

30 sickling, rather than mechanical effects of sickling. 

Increased oxidant production in the vasculature of SCD patients has been recognized 
for almost two decades. However, this disclosure reveals that the endogenous rate of 



WO 03/043573 



PCT/US02/36866 



production of superoxide (CV-) and hydrogen peroxide (H2O2) by human sickle red cells is 
not significantly increased. Li contrast, elevated plasma and vessel wall xanthine oxidase 
(XO) and myeloperoxidase activity in SCD patients and SCD mice, and increased vessel wall 
0 2 '- and H 2 0 2 generation in SCD mice is observed. This is ascribed to the a) vessel wall 
5 binding of liver-derived circulating XO, released following repeated hepatic hypoxia- 
reoxygenation events, b) release and vessel wall binding of of neutrophil myeloperoxidase, 
and c) possible increased vessel wall expression of XO or other oxidases. This vascular 
inflammatory condition in SCD can induce 02'- and H2O2 dependent inhibition of the salutary 
actions of 'NO, while concomitantly yielding the potent and versatile reaction products, 

10 peroxynitrite (ONOO-) and nitrogen dioxide, oxidizing and nitrating species capable of 
further impairing vascular function. Thus, it is viewed that XO-derived reactive species 
impair nitric oxide-dependent systemic vascular function in SCD patients and contribute to 
the pathogenesis of acute sickle cell crises and end-organ damage. Therefore, a therapeutic 
regime to target and inhibit the XO-dependent production of 0 2 * and H2O2 should be effective 

15 in treating SCD patients by preserving - NO functions and endothelial dependent function in 
SCD patients. 

SUMMARY 

This disclosure provides a method to inhibit the increases in levels of oxidants, 
namely superoxide and hydrogen peroxide, associated with impairment of vascular function 

20 in sickle cell disease and other disease states. Superoxide and hydrogen peroxide levels are. 
decreased by inhibiting the activity of xanthine oxidase, a source of oxidant production in 
sickle cell disease, ischemia/repurfusion injury and other physiological processes. By 
inhibiting oxidant production by xanthine oxidase, nitric oxide levels are increased allowing 
resumption of normal vascular function. 

25 BRIEF DESCRIPTION FO THE DRAWINGS 

So that the features, advantages and objects of the disclosure will become clear, are 
attained and can be understood in detail, reference is made to the appended drawings, which 
are described briefly below. It is to be noted, however, that the appended drawings illustrate 
preferred embodiments of the disclosure and therefore are not to be considered limiting in 

30 their scope. 
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FIG. 1A shows that vascular endothelial XO binding increases cellular rates of 0 2 m - 
production. After 3 hr incubation with XO at 37°C, cells were washed and assayed for rates of 
0 2 # - production by cytochrome c reduction in the presence of 100 /xM xanthine: 
FIG. IB shows endocytosis of cell-bound XO. Cells were incubated with 125 I-XO at 37°C, 
5 washed and treated with 0.5% trypsin. 125 I-XO was measured in both cell pellets (•) and 
supernatant (■);. 

FIG. 1C shows endothelial binding and transcytosis of neutrophil-derived myeloperoxidase 
(MPO). Neutrophils were activated by exposure to an inflammatory mediator, causing their 
binding to the vessel wall and subsequent release of MPO that can then serve as a vascular 

10 source of secondary oxidizing, nitrating, chlorinating and NO-consuming activities. 

FIG. 2A shows prior exposure to XO inhibits endothelial-dependent relaxation. Incubation of 
aortic rings with XO (10 mU/ml) for 1 hr, followed by extensive washing, reduced 
vasodilation in response to acetylcholine in a heparin (10-1000 U/ml)- and allopurinol (10- 
250 jiM)-reversible fashion; 

15 FIG. 2B shows cholesterol feeding, shown to stimulate increased levels of circulating XO and 
vessel wall XO activity inhibits endothelial-dependent relaxation. Aortic rings from rabbits 
on a 1% cholesterol diet exhibit diminished vasorelaxant responses to acetylcholine. 
Pretreatment of rings with 1000 U/ml heparin to cause release of vessel wall-bound XO or 
100/^M allopurinol partially restored endothelial-dependent relaxation; 

20 FIG. 3 shows cell-bound XO inhibits 'NO-dependent guanylate cyclase activation. 

Endothelial cells were cultured on Transwell filters and exposed to XO (10 mU/ml) for 3 hr 

and washed extensively. Filters were then transferred to dishes containing smooth muscle 

cells and incubated with xanthine (100 pM) and ionomycin (6.7 /xM) ± allopurinol for 15 

min. cGMP was then determined by ELIS A. (n=3); 
25 FIG. 4A shows rates of 0 2 ' release by HbA and HbS red cells. Rates of 0 2 # release for HbA 

and HbS red cellls are not significantly different. Values are the mean + SEM (n=3 to 9). 

Statistical analysis was by two-way ANOVA with Tukey post hoc test. *, p < 0.05; 

FIG. 4B shows aminotriazole mediated catalase inactivation by HbA and HbS red cells. 

These results indicate that rates of H 2 0 2 release for HbA and HbS red cellls are not 
30 significantly different. Values at each time point represent mean + SEM with n= 5; 

FIG. 4C shows rates of HbA and HbS red cell nitric oxide consumption during hypoxic and 

normoxic conditions. These results indicate that net rates of oxygen radical production by 
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HbA and HbS red cellls are not significantly different. Values represent mean ± SEM (n = 4 to 
14). Statistical analysis was by two-way ANOVA with Tukey post hoc test. *, p < 0.05 
compared with basal; 

FIG. 5 A Shows Western blot analysis of plasma and liver XO in SCD mice; These results 
5 support the precept that liver-derived XO is released and increases levels of XO in the 
circulation; 

FIG. 5B shows immunocytochemical analysis of xanthine oxidoreductase in C57B1/6J 
control and sickle cell mouse tissues. Descending thoracic aortic segments from knockout- 
transgenic SC mice display intense immunofluorescent staining for XO (red) that is 
10 associated with the endothelium and to a lesser extent, smooth muscle cells (L, lumen). Liver 
sections from SC mice show decreased xanthine oxidoreductase staining in the pericentral 
hepatocytes when compared to controls (CV, central vein). Nuclei were counter-stained with 
Hoechst in all experiments; 

FIG. 5C shows hematoxylin-eosin staining of liver sections from control and sickle cell 
15 mouse tissues; 

FIG. 6 shows O2" production by C57B1/6J control and sickle cell mouse vessels. Values 
represent mean ± SD (n =4). Statistical analysis was by two-way ANOVA with the Duncan's 
post hoc test. *,p< 0.05 compared to control. +, p < 0.05 compared to xanthine-treated sickle 
cell vessels. **, p < 105 compared to control and all treated vessel groups. 

20 DETAILED DESCRIPTION 

Oxygen Radical Formation and Tissue Injury 

Aerobiosis permits efficient cell energy metabolism and concomitantly exposes 
organisms to reactive and potentially toxic oxygen byproducts. During normal cellular aerobic 
metabolism, about 98% of molecular oxygen is fully reduced to H2O2 by 4 e" transfer at 

25 mitochondrial cytochrome c oxidase, with no release of partially-reduced intermediates. The 
remaining 0 2 consumption includes 1 or 2 e" reduction of O2 to 02' and H 2 0 2 (1). Diverse cell 
components are responsible for 0 2 * and H 2 0 2 production. Membrane-bound e" transport 
systems (mitochondrial respiratory chain, endoplasmic reticular cytochrome P450 system, the 
NADPH oxidase system of polymorphonuclear, PMN, cells) actively reduce O2 to 02 - (2). 

30 Neutrophil-like oxidase(s) also serve as a key sources of reactive oxygen (3-5). Other 
proteins, including hemoglobin, xanthine oxidase (XO) and 'NO synthases are critical sources 
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of CV and H 2 0 2 , with the spontaneous or enzymatically-catalyzed dismutation of 0 2 ' also 
yielding H 2 0 2 (1,6,7). Normally, endogenous tissue antioxidant defenses such as the 
superoxide dismutases (SOD), catalase, the glutathione peroxidase system and soluble or 
lipophilic scavengers (ascorbate, thiols, a~ and y-tocopherol, /3-carotene) maintain 
5 intracellular concentrations of reactive oxygen species in the nM range or less (2). Diverse 
inflammatory mediators can activate oxidant production to overwhelm tissue antioxidant 
capabilities, facilitate target molecule reactions and cause toxicity via impairment of 
metabolic and structural elements of tissues. The singular oxidative characteristics of 
different cell types and tissues determines that a unique spectrum of oxidizing species will be 

10 produced at various tissue sites. At sub-/iM rates of production (e.g., steady state 
concentrations in the 1-100 nM range), the influence of reactive species on modulating redox- 
sensitive cell signaling reactions will predominate over cytotoxic effects. 

Xanthine oxidoreductase (XOR, EC. 1.2.3.2.) was first described in milk in 1934 and 
served as a model metalloprotein in the study of enzymatic redox reactions until two 

15 landmark discoveries occurred when xanthine oxidase (XO) (XOR is converted to XO by 
several mechanisms, discussed beow) was shown to be a) the first biological source of Q 2 # 
(34) and b) a key source of reactive oxygen species in tissue ischemia-reperfusion injury (35). 
Native XOR consists of 2 identical 130 kD subunits, each containing one molybdenum, one 
flavin adenine dinucleotide (FAD) and two Fe-S centers, and has a broad substrate specificity, 

20 serving to oxidatively hydroxylate reducing substrates (e.g., purines and aldehydes). 
Oxidative hydroxylation occurs at the purine center and then substrate-derived electrons are 
transferred via Fe-S centers to the flavin moiety. Xanthine oxidoreductase typically exists in 
cells as an NADH-producing dehydrogenase (XDH) that displays -10% partial oxidase 
activity (e.g., electrons are promiscuously transferred, both univalently and divalently, to 

25 solvated 0 2 to yield 0 2 * and H 2 0 2 ). Upon thiol oxidation, mixed disulfide formation or partial 
proteolysis, XOR is reversibly (moderate thiol oxidation) or irreversibly (extensive thiol 
oxidation, proteolysis) converted to XO (36). Upon conversion to XO, reduction of 0 2 to 
0 2 - and H 2 0 2 occurs, typically in a 1:2 ratio of 0 2 '": H 2 0 2 . The release of XOR into the 
systemic circulation results in rapid XDH to XO conversion (<1 min) via thiol oxidation (37). 

30 The intracellular XDH to XO conversion that can occur during metabolic stress is due to both 
thiol oxidation and proteolysis. However, these conversions are not a requisite for XOR- 
derived oxidant production, due to the partial oxidase activity of XOR (36, 38). In the 
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remainder of this disclosure, XO will be understood to include the activities of XOR and 
XDH as would be understood by one of ordinary skill in the art. 

The physiologic functions of XO are not extensively characterized, but include a) 
purine metabolism, b) oxidant and, paradoxically, antioxidant production, c) drug metabolism 

5 and d) signal transduction. The primary physiologic role of XO is to function as the rate- 
limiting enzyme in purine degradation, yielding xanthine from hypoxanthine and uric acid 
from xanthine. The evolutionary loss of urate oxidase, which catabolizes uric acid to 
allantoin, makes uric acid the terminal product of purine metabolism in humans (39). 
Therefore, the inherent, endogenous property of XO is not to generate cytotoxic oxidants, but 

10 rather to participate in physiologic processes, in contrast to the excess production of XO- 
generated reactive species experienced during pathologic states. 
Sources of Xanthine Oxidase 

Circulating XO can be derived from several sources, including the liver and the 
intestine, which contain the greatest tissue specific activity of XOR (76), the vascular 

15 endothelium and from phagocytic cells during inflammatory events. Several studies have 
shown that even minimal hepatocellular damage, such as procedures that render the liver 
ischemic, increases XO levels in the circulation of humans (77, 78). Circulating XO increases 
2-fold in patients undergoing thoracic aorta aneurysm repair, a procedure that renders liver, 
intestine, and all distal tissues ischemic (78). Subsequent reperfusion of tissues below the 

20 renal artery did not increase circulating XO, suggesting that the liver and gut were the sources 
of XO. Circulating XO is also elevated in adult respiratory distress (79) and kidney disease 
(77). Vascular endothelial cells may also be a source of circulating XO, since interruption of 
the blood supply to an upper limb of human patients undergoing an orthopedic procedure 
increased plasma levels of XO (80). 

25 These clinical observations have also been confirmed in animal models and in vitro 

studies. A variety of conditions, including organ ischemia-reperfusion, sepsis, bums, acute 
viral infection and hemorrhagic shock all induce release of XO from liver and gut into the 
plasma of rat and rabbit (81-88). In vitro studies indicate that it is likely that both hepatocytes 
and vascular endothelium are significant sources of circulating XO, since exposure of freshly 

30 isolated hepatocytes (89) or cultured endothelial cells to hypoxia results in release of 
XDH+XO into the media (75). These reports all indicate that XO plasma half-life may be 
hours, not minutes as previously suggested (37). Importantly, tissue release of XO into the 
circulation may occur in the absence of disrupted metabolic homeostasis, since up to 8% of 
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plasma IgG from healthy humans is immunoreactive with XO and is present as a circulating 
immune complex that is partially inhibitory to XO activity (36). Thus, when present in 
excess, circulating XO can serve as an intravascular locus of 0 2 * and H 2 0 2 which can a) 
directly cause tissue injury, b) generate secondary species, c) deplete tissue antioxidants, and 
5 d) activate secondary inflammatory responses by generating chemotactic oxidized products 
(90). 

Table 1 shows the level of XO activity in the plasma of different species in response 
to various vasculopathies. Although there is a difference in the activity of XO (under both 
basal and pathological conditions), the various vasculopathies all resulted in the release of 

10 active XO into the plasma. This released XO is, therefore, available for binding to and uptake 
by cells lining the vascular walls. Plasma activity of XO is elevated in rabbit animal models 
of hemorrhage and aortic occlusion that result in hepatic ischemia/reperflxsion and the release 
of XO from hepatocytes (81-84, 87, 224). In addition to hepato-enteric injury models, 
elevations in plasma XO activity have been observed in systemic processes such as rabbits 

15 fed an atherogenic diet (226). Recurrent vascular occlusive crises in patients with sickle cell 
disease have also been postulated to be the result of XO-mediated oxidative stress (227). 
Venous plasma XO activity is significantly elevated in SCD patients, even when not in crisis, 
when compared to plasma obtained from volunteers with HbAA. The presence of XO in 
human plasma and the low specific activity of XO in human endothelium lend significance to 

20 the concept that circulating XO can bind to and concentrate both on and in vascular cells 
TABLE 1 

Species Condition Plasma XO Activity 

0*U/ml) 



Rat 


Control 


500 ±3 


25 


Hemorrhage 


1200 ±17* 


Rabbit 


Control 


40 ± 12 




Aortic Occlusion 


1085 ±316* 


Rabbit 


Control 


46 ±4 




Choi-fed 


113 ±15* 


30 Human 


Control 


0.9 ±0.3 




Sickle Cell 


3.3 ±0.9* 


Human 


Pre Aortic Xclamp 


<1.0 
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Post Reperfusion (1 min) 65 ± 10* 

Post Reperfusion (20 min) 15 ± 3* 

Summary of the circulating XO activity in different species and vasculopathies. * represents p 
<0.05 vs. control plasma. Data are mean ± SEM. n = 6 (hemorrhage), 8 (aortic occlusion), 10 

5 (cholesterol feeding), 6 (sickle cell), 13 (liver transplant) 

Diverse proteins, including XO, are synthesized and secreted by tissue parenchymal 
cells (i.e. liver) into the circulation where they can bind to vascular endothelium (91, 92). 
Alternatively, enzymes can be synthesized by the vascular cells and then secreted to the 
vascular cell surface to function as ectoenzymes. These proteins can bind in a saturable, high 

10 affinity manner to the cell surface. They include lipoprotein lipase, vitamin K-dependent 
coagulation proteins, prothrombin, diamine oxidase, cell adhesion molecules, proteases, 
antiproteases, heparin-binding growth factors and the antioxidant enzyme extracellular CuZn 
superoxide dismutase (EC-SOD) (93-100). This cell binding is mediated primarily by 
glycosaminoglycans (GAGs), anionic polysaccharides consisting of repeating disaccharides, 

15 often sulfated in the carbohydrate backbone. In most cases, we lack detailed understanding of 
the relationship between GAG structure, enzyme binding affinity and GAG modulation of 
bound enzyme function. Because of their strong polyanionic nature, GAGs may also bind 
circulating molecules that originate from remote tissues, such as XO produced by cells of the 
liver, concentrating them at the cell surface with significant metabolic and pathologic 

20 implications. 

The high affinity binding of XO to glycosaminoglycans (GAGs) facilitates XO 
interactions with the vessel wall. Addition of purified cultured endothelium to XO containing 
medium results in concomitant loss of XO from the medium and avid cell-XO association. 
We also observed that a) heparinization of rats subjected to ischemia-reperfusion injury via 

25 hemorrhagic shock had greater plasma levels of circulating XO (84) and b) perfusion of 
isolated lungs with effluent from ischemic liver increased lung XO activity 14 fold (100). 
These data all imply that XO was binding to cell GAGs and stimulated the in vitro binding of 
bovine milk XO to Sepharose 6B-conjugated heparin (HS6B). This binding interaction has a 
Kd of 40 -180 nM, similar to the binding affinities of several known vascular cell GAG- 

30 binding proteins. Kinetic parameters of heparin-bound XO changed in a manner reflecting 
altered enzyme affinity for substrates and inhibitors. Interestingly, greater concentrations of 
CuZn SOD were required to scavenge the 0 2 # - produced by GAG-bound, versus soluble, XO. 
Finally, the oxidative self-inactivation of XO was impaired (228). In aggregate, these data are 
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relevant to pathologic oxidative processes in SCD because they indicate that XO released 
from a remote organ (e.g., liver) could bind to the systemic vasculature and to impair cell 
signaling and hemodynamics. 

As previously reported by the inventors, XO binds in a specific and high affinity 
5 fashion to cultured endothelial cells with a Kd= 6 nM, comparable to the Kd observed for XO 
binding to HS6B (229). XO initially binds through interactions with cell surface sulfated 
GAGS, since bound XO is partially displaced from the endothelium by heparin and 
pretreatment of cells with chondroitinase limits XO binding. Neither heparinase nor 
heparitinase prevented XO association with endothelium. The partial displacement of XO 

10 binding by heparin is due to the polyanionic character of heparin and its ability to bind to 
cationic motifs of XO, in turn competing for XO binding to GAG-containing cellular 
proteoglycans. This binding increased cell XO activity, 10-fold and resulted in increased 
cellular 0 2 *-, production (Figure 1A). 

The cell-associated XO initially localized to a trypsin-sensitive compartment, 

15 however, catalytically-active XO rapidly translocated to a trypsin-insensitive compartment via 
transcytosis or endocytosis (Figure. IB). These data demonstrate the efficacy with which XO 
binds to endothelial cells, resulting in enhanced rates of both cell surface and intracellular 
oxidant production. The ability of circulating XO to bind to vascular cells may explain the 
utility of XO inhibitors in the clinical protection of remote organs from oxidant-induced 

20 injury. Another important implication of this data is that bound XO may thus be one of the 
apparent sources of the "inducible" NAD(P)H oxidase activity observed in many vascular 
cells exposed to inflammatory conditions. 

In addition to XO binding to endothelial cells, myeloperoxidase (MPO) is also capable 
of cellular binding internalization and production of reactive oxygen species. Neutrophils 

25 that have been activated by exposure to an inflammatory mediator bind vessel walls and 
release MPO. The MPO then binds the vessel wall and may ultimately become internalized. 
In this manner, MPO can serve as a vascular source of secondary oxidizing, nitrating, 
chlorinating and •NO-consuming activities. 

The above is consistent with the observation that the XO specific activity of lung 

30 (100) and myocardium (101) is markedly increased following hepatoenteric 
ischemia/repurfusion. The myocardial and pulmonary injury associated with hepatoenteric I/R 
is also attenuated by inhibition of XO, implicating circulating XO in remote tissue damage 
(100, 101). Li addition, the XO inhibitor allopurinol, which exhibits no direct antioxidant 



WO 03/043573 



PCT/US02/36866 



properties at pharmacologic concentrations (70), displays tissue-protective actions in organ 
systems low in or devoid of detectable endogenous XO activity implying allopurinol is 
inhibiting XO in these tissues that was produced at a remote location. For example, 
allopurinol attenuated both rabbit and clinical myocardial ischemia-reperflxsion injury, in 
5 spite of several reports revealing that rabbit and human heart have low to undetectable levels 
of XO under normal physiological conditions (71-73). 

These observations have profound implications for XO-GAG interactions by inferring 
that XO can be released from metabolically-stressed cells, bind to cell surface GAGs as an 
external source of oxidant production, and ultimately become internalized by 

10 endocytosis/transcytosis to become an intracellular locus of oxidant production. Also, 
endothelial transcytosis of XO can result inn vessel wall/cell matrix deposition of this source 
of oxidative stress. Thus, during diverse pathologic processes XO, released into plasma from 
cells replete in XO specific activity, can circulate to remote sites and bind to target tissues 
low in or devoid of XO activity. Cell-bound XO may then be concentrated at the cell surface 

15 or interstitial matrix where oxidant products can more readily react with cellular target 
molecules, disrupt vascular function and acquire limited access to or reactivity with 
inhibitors. These data also imply that effective scavenging of intravascular 02* must often 
take place at the cell surface and/or intracellularly. It therefore becomes critical to understand 
the tissue distribution of XO and underlying mechanisms of cell injury that are mediated by a 

20 source of reactive species widely implicated in various pathological processes. 
Understanding of the potential for bidirectional trafficking of XO and its ability to act as a 
paracrine agent will be critical for appreciating its vascular signaling/injury mechanisms. 

Xanthine Oxidase O?' Production Affects Normal Physiology 

Of significance are the recent clinical studies reporting strong correlations between 

25 plasma uric acid levels and the risk of stroke, congestive heart failure and renal dysfunction in 
patients with vascular disease (115-119). The elevated uric acid levels observed in these 
clinical studies do not merely correlate with impaired renal function (eg, decreased creatinine 
and/or uric acid clearance), but are indicative of enhanced XO catabolism of purines and the 
presumed generation of reactive oxygen species that may be mediating direct vascular injury 

30 and the impairment of •NO signaling. Critically, and in the context of the present hypothesis, 
plasma uric acid levels are significantly elevated in young and adult sickle cell patients of 

11 
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both sexes, in spite of increased rates of uric acid clearance in SCD patients (120-122). This 
implies enhanced XO activity and production of reactive species in SCD patients. 
Nitric Oxide and Vascular Function 

The free radical gas *NO is produced following nitric oxide synthase (NOS) activation 
5 by inflammatory (iNOS) and vasoactive/neurotransmitter (eNOS; nNOS) mediators, and 
plays a critical role in multiple aspects of vascular function (132). Catalytic activity and 
immunoreactivity of both inducible and constitutive forms of NOS occurs both in vivo and in 
cultures of vascular cells, with iNOS predominating in smooth muscle cells and infiltrating 
leukocytes, while eNOS is localized to endothelial cells and cardiac myocytes (133). 

10 Evidence of vascular -NO production comes from the detection of the # NO metabolites N0 2 - 
(nitrite) and N0 3 - (nitrate) and S-nitrosothiol derivatives of albumin and hemoglobin (RSNO) 
(134, 135). The increased 'NO production by vascular cells exposed to inflammatory 
mediators infers participation in host defense and free radical-mediated tissue injury (136). 
Nitric oxide may also be produced at low levels by human inflammatory cells, including 

15 neutrophils and monocytes/macrophages (137-143). Macrophage-derived -NO serves an 
immunomodulatory role, with the pathogen-killing activity revealing L-arginine dependence, 
NOS/-NO inducibility and concomitant production of the 'NO oxidation products N0 2 - and 
N0 3 - (145, 146). An important (if not principal) role for 'NO has been established in 
macrophage tumoricidal activity and the killing of invading microbes and parasites (147). 

20 Many forms of acute and/or chronic vascular inflammatory reactions display enhanced 
production of *NO that can contribute to tissue injury, with NOS expression and plasma N0 2 - 
+ N0 3 - levels elevated (132, 146, 147). Although -NO clearly modulates diverse homeostatic 
and pathophysiological pathways, the non cGMP-dependent mechanisms by which *NO acts 
are only partially understood. 

25 The importance of 'NO in the regulation of coronary and systemic vasodilator tone 

has been demonstrated experimentally by inhibiting its synthesis. Thus, N G -monomethyl-L- 
arginine (L-NMMA), which competes with L-arginine as the substrate for nitric oxide 
synthase but cannot be oxidized to form -NO increases basal systemic and coronary vascular 
resistance and blunts the vasodilator response to the endothelium-dependent vasodilator 

30 agonists acetylcholine and bradykinin. hitracoronary infusion of L-NMMA caused coronary 
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epicardial constriction and reduced coronary blood flow as a result of microvascular 
constriction in patients without atherosclerosis or its risk factors, indicating that "NO 
contributes to basal coronary vasodilator tone and blood flow (188). In contrast, patients with 
coronary artery disease or risk factors for atherosclerosis showed minimal vascular responses 
5 to L-NMMA, suggesting deficient 'NO release from the coronary endothelium in these 
conditions. 'NO also contributes to regulation of vascular tone in the systemic circulation. 
When forearm blood flow is measured by strain gauge venous-occlusion plethysmography, 
before and after inhibition of *NO synthesis in the forearm with infusion of L-NMMA into 
the brachial artery, L-NMMA significantly reduced forearm blood flow, a vasoconstrictor 

10 effect, indicating the important contribution of "NO to the vasodilator tone of forearm 
arteriolar resistance vessels (189). This response to L-NMMA was reduced in subjects with 
hypertension, diabetes, and hypercholesterolemia, suggesting reduced endothelium-derived 
•NO in these conditions (189). Indeed, recent reports suggest that dysfunctional vascular # NO 
production, characterized by a paradoxical vasoconstrictor response to acetylcholine (an 

15 agonist that normally increases blood flow by stimulating endothelial 'NO production) 
predicts future cardiac ischemic events (190; 191, 192). Thus a deficiency in endothelial 
production of »NO is increasingly being recognized as an underlying pathogenic mechanism 
in vascular diseases. 

A number of models of vascular injury reveal that endogenous "NO biosynthesis or 
20 exogenously-added sources of "NO often inhibits oxidant-dependent damage at both 
molecular and tissue structural/functional levels. Many, if not all of these studies, have 
inflammatory injury as a common denominator. It was initially reported that PMN-derived 
0 2 # - is "inactivated" or "scavenged" by -NO (172). However, *NO was added at extra- 
physiological concentrations and the report failed to consider that peroxynitrite, ONOO-, an 
25 even more potent oxidant, was the product of the "scavenging" reaction. "NO can also 
directly inhibit the NADPH oxidase of PMN cells, but again only at non-biological 
concentrations (173). At lower concentrations, "NO inhibits leukocyte adhesion to vascular 
endothelium, attenuates PMN-dependent loss of microvascular barrier function and inhibits 
platelet aggregation, all components of inflammatory vascular injury (174-176). The 

30 protective effects of -NO towards in vivo models of reperfusion injury, when 'NO is 
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administered as a bolus of an -NO donating drug, are thus often ascribed to -NO inhibition of 
inflammatory cell margination and function (177-181). Underlying mechanisms include both 
acute events and more delayed processes involving regulation of integrin gene expression. 
Acutely, 'NO administration to reperfused ischemic tissues will result in stimulation of vessel 
5 wall, circulating platelet and neutrophil cGMP levels. This results in increased blood flow 
and oxygen delivery to tissues, as well as alterations in shear forces on the vessel wall, critical 
for regulating vascular-inflammatory cell interactions and secondary gene expression events 
(182). The translocation of P-selectin to the platelet surface and/or the function of P-selectin 
is inhibited by *NO as well, resulting in attenuation of platelet aggregation and neutrophil 

10 margination. Mast cell degranulation is inhibited by 'NO, limiting the release of 
proinflammatory mediators such as histamine and platelet activating factor (180). Enzymatic 
and autocatalytic lipid oxidation is also potently inhibited by 'NO (164, 183, 184), often 
resulting in attenuated inflammatory mediator production. 
Nitric Oxide and Sickle Cell Disease 

15 SCD is a genetic disease characterized by a mutant hemoglobin /3-globin subunit with 

a glutamic acid to valine substitution at the (3-6 amino acid. Upon deoxygenation, 
polymerization of HbS occurs and sickle erythrocytes acquire altered rheological properties 
(8). Altered red cell-tissue interactions induce increased vascular endothelial "activation" via 
poorly understood mechanisms. This inflammatory-like activated state of endothelium is 

20 manifested by elevated expression of Fc receptors and the integrins ICAM-1, VCAM-1 and 
P-selectin, all of which contribute to increased endothelial association of platelets and 
neutrophils (9-14). In addition, vascular levels of "activated" circulating endothelial cells, 
pro-inflammatory cytokines, platelet activating factor, C-reactive protein, and angiogenic 
stimuli are increased (15-17). 

25 Recent clinical data suggest that patients with SCD also suffer from impairment of 

endothelial production of *NO. Indeed, several investigators have now reported that NO2" + 
NO3" levels and L-arginine are depressed in patients with SCD, particularly during vaso- 
occlusive crisis and the acute chest syndrome, and that these levels vary inversely with pain 
symptomatology (193, 194, 195, 196). These data suggest that dysfunctional vascular 

30 endothelium and decreased "NO production and/or bioavailability may contribute to the 
clinical events suffered by patients with SCD. Reduced N0 2 ~ + NO3" levels are consistent 
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with reduced endothelial 'NO generation, with subsequent reductions in the N0 2 " + N0 3 " 
metabolites of 'NO reactions with hemoglobin and oxygen. Furthermore, L-arginine levels 
are reduced in sickle cell individuals, particularly during vaso-occlusive crisis and the acute 
chest syndrome, suggesting that substrate deficiency may explain the low levels of N0 2 ~ + 
5 N0 3 ' (197). However, large doses of L-arginine do not result in increased 'NO generation in 

clinically able volunteers with SCD. 

Low baseline blood pressures (18) and decreased plasma arginine levels (19) indicate 
that 'NO production is chronically activated to maintain vasodilation in SCD. Also, decreased 
pressor responses to angiotensin II (20), renal hyperfiltration (21), a tendency for priapism 

10 (22) and elevated plasma nitrite and nitrate (N0 2 " + NO3") levels occur in SCD (23). During 
vaso-occlusive crisis (VOC), an increased metabolic demand for arginine and an inverse 
relationship between pain indices and plasma N0 2 " + NO3' levels occur (24, 25). Finally, 
therapeutic benefit has been observed in SCD patients receiving inhaled 'NO or the drug 
hydroxyurea. Interestingly, hydroxyurea not only induces expression of anti-sickling fetal Hb, 

15 but is also metabolized to 'NO via oxidative deamination (26, 27). Increased rates of 
production of reactive oxygen species have been proposed to contribute to impaired 'NO 
signaling in SCD. HbS red cells generate 0 2 '-, H 2 0 2 , "OH and lipid oxidation products 
(LOOH, LOO ') (28). Furthermore, decompartmentalization of the redox-active metal iron 
occurs in HbS red cells (29). SCD mice show increased tissue lipid oxidation, 'OH or ONOO" 

20 -dependent aromatic hydroxylation and, during hypoxia, increased conversion of liver and 
kidney XOR to XO (30, 31). Since 'NO reacts at diffusion-limited rates with 0 2 * and lipid 
peroxyl radicals (LOO') to produce peroxynitrite (ONOO-) and nitrated lipid species [LN0 2 , 
L(0)N0 2 L the anti-platelet and PMN actions of 'NO can be oxidatively "inactivated" while 
at the same time yielding secondary bioactive products (32, 33). The impaired vascular 

25 function and inflammatory activation of SCD vessels can thus be a consequence of the 
stimulation of oxygen radical-mediated consumption of 'NO and the production of secondary 
reactive species (e.g., H 2 0 2 or ONOO-) that can also impair vascular function. 

The above discussion has outlined a potential interaction of 0 2 ' produced by XO and 
•NO and its effect on vascular function, in particular, on vascular function in patients not only 
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with SCD, but also with athrosclerosis. Briefly, it was shown that plasma and vessel wall XO 
activity, normally low in humans, can be significantly increased during diverse pathogenic 
events via XO binding to vascular cells by interaction with cellular GAG chains and 
endocytosis of circulating XO, and that the reactive species derived from cell-bound XO and 
5 MPO can modify blood vessel, pulmonary and cardiovascular function. Furthermore, 
episodes of hypoxia-reoxygenation associated with SCD can lead to the hepatic release of XO 
into the circulation, where XO can then bind avidly to vessel luminal cells and impair 
vascular function by creating an oxidative milieu, which catalytically consumes cellular -NO. 
Taken together these observations suggested the testing of pharmacologic strategies to inhibit 

10 the production of reactive oxygen species produced by XO could lead to a valuable 
therapeutic regime for those individuals suffering from SCD. 

Allopurinol is an agent widely used in treatment of hyperuricemic states such as gout. 
Allopurinol and its primary metabolite, oxypurinol, and other pyrazole derivatives inhibit 
hyperuricemia by inhibiting the enzyme XO, which converts hypoxanthine to xanthine, which 

15 is further converted into uric acid. Oxypurinol has been reported to have increased water 
solubility as compared to allopurinol. In this specification, allopurinol shall be understood to 
refer to oxypurinol and all other metabolites of allopurinol that are active XO inhibitors, as 
well as chemical derivatives of allopurinol. The term "chemical derivative" refers to 
allopurinol that contains additional chemical moieties or that are not normally a part of the 

20 base allopurinol molecule. Additional compounds that may be used to inhibit allopurinol 
activity are described in U.S. Patent No. 6,191,136 (which is incorporated by reference 
herein). 

Xanthine Oxidase Impairs Vascular Signaling 

Increased cell-associated XO can impair endothelial-dependent vascular signaling. 

25 When isolated aortic ring segments are incubated with XO for 1 hr and then extensively 
washed to remove unbound XO, endothelial-dependent relaxations in response to 
acetylcholine are diminished when the XO substrate xanthine is present in the buffer (Figure 
2A). Inhibition of endothelial-dependent relaxation is abrogated by post- washing treatment 
of the aortic rings with the XO inhibitor allopurinol, as well as heparin, which inhibits and/or 

30 competes for XO binding to endothelial cell GAGs. This ex vivo model of vascular 
dysfunction reinforces observations made in a model of atherosclerosis. Rabbits placed on a 
cholesterol-enriched diet for 6 weeks demonstrate markedly abnormal responses to 
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acetylcholine that are significantly reversed by treatment with heparin or allopurinol (Figure 
2B) (226). These data imply a role for vascular cell-bound XO in mediating abnormal 
endothelial-dependent relaxation in atherosclerosis. Importantly, there appears to be sufficient 
substrate in the vasculature for XO to catalyze elevated oxidant production, without the need 
5 for exogenously added purine. 

Endothelial cell-bound XO inhibits -NO-dependent cell signaling. Bovine aortic 
endothelial cell (BAEC) monolayers having bound and potentially internalized XO 
manifested an impaired ability to support ionomycin-induced, -NO-dependent cGMP 
formation by adjacent smooth muscle cells. This inhibition of 'NO-mediated cGMP 
10 formation was allopurinol-reversible and did not occur when catalytically inactive XO was 
substituted (FIG. 3). 

One mechanism that can account for XO-induced decreases in endothelial-dependent 
relaxation and impairment of 'NO-mediated cGMP formation in smooth muscle cells is the 
diffusion-limited reaction of 0 2 *- with 'NO to yield ONOO-, a less potent stimulus of smooth 

15 muscle cell cGMP formation than equimolar doses of -NO (230). Also, XO can serve as a 
source of H 2 0 2 that in turn will support the oxidative reactions of myeloperoxidase (NO 
consumption and the generation of chlorinating, nitrating and oxidizing species). Another 
potential mechanism explaining XO inhibition of endothelial-dependent relaxation and cGMP 
formation may be oxidant-induced changes in the expression and/or activity of eNOS, 

20 especially during more chronic exposure to reactive oxygen species. Bovine aortic 
endothelial cells (BAEC) were exposed to the redox-cycling quinone 2,3- 
dimethoxynapthoquinone (DMNQ), which generates controllable and low rates of 02 # - and 
H2O2. Following treatment with DMNQ for 2 hr, the capacity of endothelial cell lysates to 
oxidize arginine to citrulline was used to indicate eNOS activity. Additional cells were 

25 incubated with 10 mU/ml XO for 1 hr, extensively washed and 100 juM xanthine was added 
during a 1 hr post-incubation period. Table 2 demonstrates the dose-dependent reduction in 
eNOS activity following endothelial cell exposure to either DMNQ or XO. These conditions 
did not result in detectable cell necrosis, apoptosis or lysis after 24 hr of monitoring. 
Table 2 



Condition 



NOS activity (pmol/min/mg prot) 
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Control 


0.93 ± 0.28 


DMNQ 5 /xM 


0.75 ± 0.09* 


DMNQ 50 /xM 


0.49 ± 0.60* 


Bound XO 


0.19 ±0.02* 



Non-cytotoxic levels of oxidant stress reduce eNOS activity. BAEC were incubated with 
DMNQ for 2 hr or XO for 1 hr, washed extensively, then incubated with xanthine for 1 hr at 
37°C. Cells were harvested and NOS activity measured in the cell lysates. (n=3, mean =fc SEM, 
*:p<0.05) 



5 Xanthine Oxidase Generated O?/ Can Impair *NO-dependent Vascular Signaling in Sickle 
Cell Disease 

If red blood cells from sickle cell patients produce increased amounts of 0 2 ' and H2O2 
as compared to red blood cells from healthy donors, then local depletion of 'NO might be 
explained on this basis. However, endogenous rates of 0 2 '- release under normoxic (150 mm 

10 Hg 0 2 , pH 7.4) conditions were not significantly different in human HbS vs HbA-containing 
red cells (FIG. 4A). The mean Hb content of HbA and HbS red cell preparations was similar. 
DMNQ (100 jttM) was added to stimulate red cell 0 2 '- production. Preincubation of cells with 
the metal chelator HDP (0.5 raM) induced -36% decrease in 0 2 '-, suggesting that cellular Fe- 
dependent reactions partially contributed to cell 0 2 '- production. When cells were pretreated 

15 with a stilbene sulfonate chloride-bicarbonate exchange protein inhibitor (DDS, 200 //M), 
both HbA and HbS red cells showed -35% decrease in rates of cytochrome c reduction, 
indicating that some extracellular 0 2 '- was released through red cell anion channels. The 
similar slopes of the time course of amnotriazole (ATZ)-dependent red cell catalase 
inactivation in HbA and HbS red cells also revealed that steady state H 2 0 2 levels were not 

20 significantly different in SC red cells, with calculated H 2 0 2 concentrations of 3.1 1 ± 2.61 pM 
and 4.9 ± 2.25 pM, respectively, at 150 mm Hg 0 2 , pH 7.4 (FIG. 4B). 

Accepting that rNO reacts at almost diffusion-limited rates with 0 2 '- (25), the relative 
rates of red cell *NO consumption was utilized to probe for differences in both intra-and 
extracellular 0 2 "- (and possibly LOO-) production by HbA and HbS red cells. Nitric oxide 
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consumption, measured during both normoxic (150 mm Hg 0 2 ) and sickling-inducing 
hypoxic (20-40 mm Hg 0 2 ) (FIG. 4C) conditions, was not significantly different in HbA vs. 
HbS red cells. Addition of extracellular CuZn SOD (100 U ml" 1 ) did not impact on the rate of 
•NO consumption, while stimulation of cell Oi generation by DMNQ (100 /xM) significantly 
5 increased rates of red cell -NO consumption. The presence of endogenous lipid 
hydroperoxides was undetectable in both HbA and HbS RBC membranes. When membrane, 
oxidation was stimulated by the addition of OONO-, HbS red cell membranes showed greater 
tendency to undergo lipid peroxidation (not shown). These data show, in contrast to previous 
reports, that red cells from SCD patients are not an endogenous free radical "sink" for the 

10 pathologic consumption of # NO. 

While the red blood cells of SCD patients do not produce excess amounts of 0 2 % the 
catalytic activity of XO was significantly increased in the plasma of SCD patients vs. 
controls. This also occurred in the plasma of our knockout-transgenic mouse model of SCD 
that exclusively expresses human HbS in the murine RBCs. The observed increase in plasma 

15 XO activity in knockout-transgenic SCD mouse was accompanied by a decrease in liver XO 
activity and an increase in plasma alanine transferase (ALT) activity (Table 3). Western blot 
analysis of plasma and liver XOR revealed increased plasma and decreased liver XOR protein 
content in knockout-transgenic SCD mice compared to control or knockout-transgenic sickle 
cell trait mice, that synthesize both human /3 s and ^ (FIG. 5 A). XOR which is rapidly 

20 converted to the XO in plasma, revealed immunoreactive 20 kDa, 40 kDa and 85 kDa 
proteolytic fragments upon western blot analysis, hnmunocytochemical localization of XO in 
aorta and liver (FIG. 5B) of SCD mice showed increased vessel wall and decreased liver XO 
immunoreactivity, with XO concentrated on and in vascular luminal cells. Hematoxylin-eosin 
staining of liver of knockout-transgenic SCD mice reveals extensive hepatocellular injury 

25 associated with pericentral necrosis. Sickled erythrocytes were also observed in intrahepatic 
sinusoids (FIG. 5C). 

Table 3 

Measurement Enzyme Activity 

30 Control SCD 

Human 

Plasma XO (mU/ml) 0.89±0.3 (15) 3.30 ± 0.9* (18) 
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Mouse 

Plasma XO (mU/ml) 
ALT (mU/ml) 
5 Liver XO (mU/gm tissue) 

Aortic XO (mU/mg protein) 



N p<0.05 from control 



2.2±0.26 (13) 
24.2 ±2.3 (10) 

53.9 ±7.8 (6) 
0.29 ± 0.01 (3) 



5.6 ± 1.5* (15) 
270.5 ±24.5* (12) 
18.6 ±4.4* (6) 
0.46 ± 0.03 (4) 



10 As is shown in Table 3, the catalytic activity of XO is significantly increased in the 

aorta of SCD mice with a parallel increase in XOR protein as observed by western blot 
analysis (FIG. 5A). Basal rates of 02 # production were measured by coelenterazine-enhanced 
chemiluminescence and was significantly increased in the aorta of SCD mice (FIG. 6). In 
SCD, but not wild type mouse vessels, rates of 02*- production were enhanced by addition of 

15 xanthine and returned to basal rates when vessels were pretreated with CuZn SOD (30 U/ml), 
allopurinol (100 fiM) or the XO inhibitor BOF-4272 (25 fiM). Pretreatment of aorta with the 
membrane-permeable metalloporphyrin SOD mimetic MnTE-2-PyP (50 (iM) significantly 
decreased rates of detectable 0 2 '- production, while DMNQ (100 /jM) addition as a positive 

control significantly enhanced rates of 0 2 # production by both control and SCD mouse 
20 vessels. Additionally, addition of either the membrane-permeable metalloporphyrin SOD 
mimetic MnTE-2-PyP (50 juM) or allopurinol (50pM) to vessel rings prepared from sickle 
cell mice resulted in reversal of impaired vessel relaxation in response to NO-dependent 
stimuli. 

Taken together, these results indicate that reactive species impair 'NO-dependent 

25 systemic vascular function in SCD, and that inhibitors which block the production of these 
reactive species are prime candidates for therapeutic agents aimed at sickle cell disease. The 
above results show that allopurinol is capable of reversing XO-mediated inhibition of 
acetylcholine-induced relaxation in endothelial cells (see FIGS. 2 and 3). Although not 
limiting the disclosure to a specific mechanism of action of allopurinol, the data suggest that 

30 allopurinol inhibits the activity of XO, decreasing the production of 02* and H2O2. As a 
result, more -NO is available to stimulate smooth muscle cell relaxation through activation of 
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cGMP-dependent signaling events. Also as a result, normal endothelial dependent vascular 
functions are restored in individuals with SCD. From this, a concomitant improvement in 
adverse pathophysiological sequelae of sickle cell disease will be expected, including painful 
episodes, acute chest syndrome, renal dysfunction. 
5 Pharmaceutically useful compositions comprising allopurinol (or a pharmaceutically 

acceptable salt thereof) or other compounds of the disclosure may be administered either 
alone or in combination with modulating compounds, and may be formulated according to 
known methods such as by the admixture of a pharmaceutically acceptable carrier. 
Modulating compounds may be defined as any compound that modulates the activity of either 

10 allopurinol and/or oxypurinol. In one embodiment, allopurinol may be a modulating 
compound for oxypurinol administration, or vice versa. Examples of such carriers and 
methods of formulation may be found in Remington The Science and Practice of Pharmacy, 
20 th edition, Lippincott, Williams & Wilkins, Baltimore MD. To form a pharmaceutically 
acceptable composition suitable for effective administration, such compositions will contain 

15 an effective amount of allopurinol, or other compounds of the disclosure, either with or 
without modulating compounds. 

Pharmaceutical compositions of the invention are administered to a subject in 
amounts sufficient to treat disorders related to inflammatory conditions in the subject (defined 
as the "effective amount"). The subject may be a human. In another embodiment, the subject 

20 is a mammal. In an alternate embodiment, the subject is an animal. The inflammatory 
conditions include, but are not limited to, respiratory distress, kidney disease, liver disease, 
ischemia- reperfusion injury, organ transplantation, sepsis, bums, viral infections, 
hemorrhagic shock and sickle cell disease. The effective amount may vary according to a 
variety of factors such as the subject's condition, weight, sex and age. Other factors include 

25 the mode or site of administration. The pharmaceutical compositions may be provided to the 
subject by a variety of routes such as subcutaneous, topical, oral, intraosseous, and 
intramuscular. Compounds identified according to the methods disclosed herein may be used 
alone at appropriate dosages defined by routine testing in order to obtain optimal activity, 
while minimizing any potential toxicity. In addition, co-administration or sequential 

30 administration of other agents may be desirable. 

The compounds contained in the pharmaceutical compositions discussed herein may 
be used with or without chemical derivatives. Such moieties may improve the solubility, 
half-life, absorption, etc. of the base molecule. Alternatively the moieties may attenuate 
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undesirable side effects of the base molecule or decrease the toxicity of the base molecule. 
Examples of such moieties are described in a variety of texts, such as Remington The Science 
and Practice of Pharmacy. 

The pharmaceutical compositions containing compounds identified according to this 
disclosure as the active ingredient for use in the modulation of inflammatory conditions can 
be administered in a wide variety of therapeutic dosage forms in conventional vehicles for 
administration. For example, the compounds can be administered in such forms as tablets, 
capsules (each including timed release and sustained release formulations), pills, powders, 
granules, elixirs, tinctures, solutions, suspensions, syrups, pastes and emulsions, or by 
injection internally. 

For instance, for oral administration in the form of a tablet or capsule, the active drug 
component can be combined with an oral, non-toxic pharmaceutically acceptable inert carrier 
such as ethanol, glycerol, water and the like. Moreover, when desired or necessary, suitable 
binders, lubricants, disintegrating agents and coloring agents can also be incorporated into the 
mixture. Suitable binders include, without limitation, starch, gelatin, natural sugars such as 
glucose or beta-lactose, corn sweeteners, natural and synthetic gums such as acacia, 
tragacanth or sodium alginate, carboxymethylcellulose, polyethylene glycol, waxes and the 
like. Lubricants used in these dosage forms include, without limitation, sodium oleate, 
sodium stearate, magnesium stearate, sodium benzoate, sodium acetate, and the like. 
Disintegrators include, without limitation, starch, methyl cellulose, agar, bentonite, xanthum 
gum and the like. 

For internal injection, sterile suspensions and solutions are desired. Isotonic 
preparations that generally contain suitable preservatives are employed when internal 
injection is desired. The injections maybe intravenous or intramuscular. 

Topical preparations containing the active drug component can be admixed with a 
variety of carrier materials well known in the art, such as, e.g., alcohols, aloe vera gel, 
allantoin, glycerine, vitamin A and E oils, mineral oil, PPG2 myristyl propionate, and the like, 
to form, e.g., alcoholic solutions, topical cleansers, cleansing creams, skin gels, skin lotions, 
and shampoos in cream or gel formulations. 

Pharmaceutical compositions containing compounds of the present disclosure can also 
be administered in the form of liposome delivery systems, such as small unilamellar vesicles, 
large unilamellar vesicles and multilamellar vesicles. Liposomes can be formed from a variety 
of phospholipids, such as cholesterol, stearylamine or phosphatidylcholines. The compounds 
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of the present disclosure may also be coupled with soluble polymers as targetable drug 
carriers. Such polymers can include, but are not limited to, polyvinylpyrrolidone, pyran 
copolymer, polyhydroxypropylmethacryl-amidephenol, polyhydroxyethylaspartamidephenol, 
or polyethyl-eneoxidepolylysine substituted with palmitoyl residues. Furthermore, the 
5 compounds of the present invention may be coupled to a class of biodegradable polymers 
useful in achieving controlled release of a drug, for example, polylactic acid, polyepsilon 
caprolactone, polyhydroxy butyric acid, polyorthoesters, polyacetals, polydihydro-pyrans, 
polycyanoacrylates and cross-linked or amphipathic block copolymers of hydrogels. 

Example 1 

10 The following study has been designed to test the ability of xanthine oxidase 

inhibitors to restore systemic vascular function in individuals with sickle cell disease by 
measuring forearm bloodflow rates. 

Fifteen sickle cell anemia patients (HbSS, SC, S-P Thalassemia, verified by 
hemoglobin electrophoresis), > 19-years-old, chronic stable patients with hemoglobin > 7 

15 gm/dl, non-smokers, normal renal and liver function, not taking hydroxyurea, no blood 
transfusions in the last 3 months and less than 4 hospitalizations in the past year. Patients will 
discontinue pain medications 24 hr before study. 

Fifteen healthy volunteers (Hb AA, verified by hemoglobin electrophoresis), > 19- 
years-old, normal renal and liver function, normal complete blood count (CBC) with 

20 differential, not taking any medications, matched by age, gender, and race. At initial 
evaluation, both control and SCD subjects will be screened by clinical history, physical 
examination, CBC with differential, and routine chemical analysis. All subjects will give 
written informed consent for all procedures. 

The forearm blood flow studies are designed to evaluate endothelial function. Similar 

25 studies were performed on patients with hypercholesterolemia (249) diabetes (250) and SCD 
(the latter without allopurinol administration,(251)). All forearm blood flow studies will be 
performed in the morning in a quiet, temperature-controlled room (~ 23°C). Mornings are 
selected to avoid the recognized diurnal fluctuation in forearm blood flow (252). Subjects will 
fast overnight (12 hr, water permitted), refrain from smoking, drinking alcohol or caffeinated 

30 beverages for at least 24 hr before the forearm blood flow measurements. 

During each forearm blood flow study, infusion of drugs into the brachial artery and 
measurement of the response of the forearm vasculature by means of strain-gauge venous- 
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occlusion plethysmography will be determined. During each study, infusion of drugs into the 
brachial artery and measurement of the response of the a) forearm vasculature by means of 
strain-gauge venous-occlusion plethysmography and b) cerebral blood flow will be 
determined. All drugs used in this study are approved for human use by the Food and Drug 
5 Administration in the form of Investigational New Drugs (DStD) and will be prepared by the 
Pharmaceutical Service of the University of Alabama at Birmingham following procedures to 
ensure accurate bioavailability and sterility of the solutions. 

For forearm blood flow measurements, all subjects will be placed in a supine position 
and a 20-gauge polytetrafluoroethylene catheter will be cannulated into the brachial artery of 

10 the nondominant arm. This arm will be positioned slightly elevated above the level of the 

right atrium, and a mercury-filled silicone elastomer strain gauge will be placed on the widest 
part of the forearm. The strain gauge is connected to a plethysmograph (model EC-4, 
Hokanson) calibrated to measure the percent change in volume and connected in turn to a 
chart recorder to record flow measurements. For each measurement, an upper arm cuff will 

15 be inflated to 40 mmHg with a rapid cuff inflator (model E-10, Hokanson) to occlude venous 
outflow from the extremity. A pneumatic wrist cuff will be inflated to suprasystolic pressures 
(200 mm Hg) one minute before each measurement to exclude hand circulation. Flow 
measurements will be recorded for approximately 7 sec every 15 sec. The mean value of the 
final five readings will be taken. Baseline measurements will be obtained after a 3 min 

20 infusion of 5% dextrose solution at 1 ml/min. Forearm bloodflow will be measured after 
infusion of sodium nitroprusside (SNP) and acetylcholine (ACh). SNP is an endothelium- 
independent vasodilator with its effect due to direct action on smooth muscle cells (239). 
ACh, in contrast, vasodilates by stimulating the release of relaxing factors from the 
endothelium (240). 

25 SNP will be infused at 0.8, 1.6, and 3.2 fig/mm and ACh chloride (Sigma Chemical 

Co.) at 7.5, 15, and 30 jU.g/min (the infusion rates will be 0.25, 0.5, and 1 ml/min, respectively, 
for each drug). Each dose will be infused for 5 min, and forearm blood flow will be 
measured during the last 2 min. A 30 min rest period will be allowed and another baseline 
measurement will be obtained between infusions of the two drugs. 

30 Oxypurinol (Glaxo-Wellcome) dissolved in 5% dextrose will be infused at 300 

|j,g/min (infusion rate, 1 ml/min) for 30 min and baseline flow measurements obtained. This 
dose is chosen to achieve, at baseline flow conditions, an intravascular concentration of 10 
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[ig/mh At this concentration, greater than 90% inhibition of xanthine oxidase activity in the 
forearm blood vessels was found (236), an observation that will be verified in SCD patients 
for reasons discussed previously. Subsequently, cumulative dose-response curves for ACh 
and SNP will be repeated during the concomitant infusion of oxypurinol using the same 
5 doses, infusion rates, and resting interval. Oxypurinol infusion will be continued during the 
resting period. The sequence of ACh and SNP infusions, both before and after oxypurinol 
infusion, will be randomized to avoid bias related to the order of drug infusion. During the 
study, subjects will be unaware of the drug being infused. All blood pressures will be 
recorded directly from the intra-arterial catheter after each flow measurement. Forearm 
10 vascular resistance will be calculated as the mean arterial pressure divided by the forearm 
blood flow. 

Prior to, during and after the resting period for 30 min, cerebral blood flow will be 
measured after placing and adjusting the TCD probe. Serial TCD examinations of the 
intracranial vessels of the circle of Willis will be done to detect right-left asymmetry of flow 

15 velocity (FV) in the circle of Willis, the presence of intracranial stenoses, anomalies of the 
circle of Willis, inadequate collateral circulation, and perfusion from extracranial collateral 
vessels. This will also allow assessment of the hemodynamic significance of carotid stenosis. 
The functional status of the intracranial circulation, identification of structural anomalies, and 
degree of cerebrovascular pathology will be established for each patient. The hand held. 

20 Doppler exam is performed with the patient recumbent. Doppler spectra will be stored to a 
hard disk for subsequent analysis. Vital signs and laboratory data will be documented. 
Arteries examined will include the middle cerebral (MCA) and anterior cerebral (AC A). 
Transtemporal Doppler windows, thin areas in the skull, will be used for examination of the 
MCA and AC A during oxypurinol infusion studies. We have observed that in patients with 

25 SCD studied that a velocity of >150cm/sec correlates with significant stenosis. A physician 
will be present for each examination. Correlation of TCD flows with acute therapy will then 
be made. 

With regard to both phases of this study, a sample size of 15 patients per group was predicted 
allow detection of an effect a power of -80%. This would be associated with a 5% type I 
30 error rate. There are approximately 400 adults with SCD in North-Central Alabama, and in 
the last 12 months, there have been 750 admissions to the University of Alabama Hospital. 
At the present time, 150 adult SC patients receive regular care at the UAB adult SC clinic, 
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and 75 at Cooper Green Hospital. We anticipate an accrual of at least 20 patients per year; 
therefore SC patient accrual should be completed within 1 year. 

MATERIALS AND METHODS 
Red Cell superoxide, hydrogen peroxide and lipid hydroperoxide production 
5 Blood was collected from healthy HbA adult volunteers and homozygous HbS 

patients in anticoagulated (EDTA) vacu-containers. All individuals were evaluated for 
cytochrome b5 reductatse and glucose-6-phosphate dehydorgenase activity and none were 
reported deficient. After centrifugation, plasma nad buffy coat were discarded, and cells were 
washed and filtered through a cellulose column (Sigma, type 50 and a-cellulose) to remove 
10 neutrophils and platelets. Packed RBCs were diluted to a hematocrit of 2.5% (vol/vol) 
hemoglobin concentrations as determined with Drabkin's reagent at 540 nm, and rates of (V 
release over 2 hours were quanitifed spectrophotometrically by CuZn SOD-inhibitable (100 
units/ml, equivalent to approximately 33 ug/ml SOD) reduction of cytochrome c (50 uM) at 

550 nm(6 M = 21 mM ^cm" 1 ). In some experiments, 0 2 ' release was measured in cells 

15 pretreated with DMNQ (Oxis, 100 uM), 3 -hydroxy- l,2-dimethyl-4-pyridone (HDP, Aldrich, 
0.5 mM), and 4,4-diisothiocyano-2,2 disulfonic acid stilbene (DIDS, Sigma, 200 uM). 
Possible Hb intereference in determination of rates of cytochrome c reduction was evaluated 
by performing a singular value decomposition analysis (Matlab, Mathworks, Natick, MA). 

H2O2 concentrations were calculated from aminotriazole (AT)-mediated 

20 inactivation of catalase activity as described (Royall, et al. Arch. Biochem. Biophys., 294, 
686). Red cells were incubated with 10 mM AT at 37 C, and intracellular catalase activity 
was measured spectrophotometrically based on the consumption of 10 mM H2O2 at 240 

nm(G M = 43.6 M A cm~ l ). 

Additional methods were performed as described in reference 259, which is hereby 
25 incorporated by reference. 
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CLAIMS 
What is claimed: 

1 . A method of treating an inflammatory condition in a subject in need of such treatment 
comprising administering to the subject an effective amount of allopurinol, or a 
pharmaceutically acceptable salt thereof, under conditions such that said treatment is 
effected. 

2. The method according to claim 1 wherein said inflammatory condition is sickle cell 
disease. 

3 . The method of claim 2 where the sickle cell disease involves a xanthine oxidase and 
allopurinol inhibits the activity of xanthine oxidase. 

4. The method of claim 1 where the inflammatory condition is selected from the group 
consisting of respiratory distress, kidney disease, liver disease, ischemia-reperfiision 
injury, organ transplant, sepsis, burns, viral infections and hemorrhagic shock. 

5. The method of claim 4 where the inflammatory condition involves xanthine oxidase 
and allopurinol inhibits xanthine oxidase activity. 

6. The method of claim 1 where the subject is human. 

7. The method of claim 1 where the subject is a mammal. 

8. A pharmaceutical composition for the treatment of sickle cell disease comprising 
allopurinol, or a pharmaceutically acceptable salt thereof, a pharmaceutically 
acceptable carrier thereof. 

9. The pharmaceutical composition of claim 8 further comprising a modulating 
compound. 

10. The pharmaceutical composition of claim 9 where the modulating compound is 
oxypurinol, or a pharmacologically acceptable salt thereof. 

11. A pharmaceutical composition for the treatment of sickle cell disease comprising 
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oxypurinol, or a pharmaceutically acceptable salt thereof, and a pharmaceutically 
acceptable carrier thereof. 

12. The pharmaceutical composition of claim 11 further comprising a modulating 
compound. 

13. The pharmaceutical composition of claim 12 where the modulating compound is 
allopurinol, or a pharmacologically acceptable salt thereof. 

14. A method of maintaining a biological function of 'NO, or active forms thereof, in a 

subject comprising administering to the subject an effective amount of allopurinol, or 
a pharmaceutically acceptable salt thereof, to effect said maintenance. 

15. The method of claim 14 where said maintenance involves inhibiting a xanthine 
oxidase activity. 

16. The method of claim 15 where the xanthine oxidase activity is increased by an 
inflammatory condition selected from the group consisting of sickle cell disease, 
respiratory distress, kidney disease, liver disease, ischemia-reperfusion injury, organ 
transplant, sepsis, burns, viral infections and hemorrhagic shock. 

17. The method of claim 14 where the subject is human. 

18. The method of claim 14 where the subject is a mammal. 

19. A method of protecting a subject from oxidative stress comprising administering to 
the subject an effective amount of allopurinol, or a pharmaceutically acceptable salt 
thereof, to effect said protection. 

20. The method of claim 19 where said protection involves inhibiting a xanthine oxidase 
activity. 

2 1 . The method of claim 20 where the xanthine oxidase activity is increased by an 
inflammatory condition selected from the group consisting of sickle cell disease, 
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respiratory distress, kidney disease, liver disease, ischemia-reperfusion injury, organ 
transplant, sepsis, burns, viral infections and hemorrhagic shock. 

22. The method of claim 19 where the subject is human. 

23. The method of claim 19 where the subject is a mammal. 

24. A method of restoring vascular function in a subject suffering from sickle cell disease 
comprising administering to the subject an effective amount of allopurinol, or a 
pharmaceutically acceptable salt thereof, to effect said restoration. 

25. The method of claim 24 where said restoration involves inhibiting a xanthine oxidase 
activity. 

26. The method of claim 24 where the subject is human. 

27. The method of claim 24 where the subject is a mammal. 
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